The mechanisms by which Hivep3 regulates the osteochondrogenesis remain elusive. Results: Knockdown of Hivep3 down-regulated Alg2 expression. Alg2 suppressed osteoblast differentiation by inhibiting the activity of Runx2. Alg2 silencing suppressed the expression of Creb3l2 and chondrogenesis. Conclusion: Alg2 may be a modulator of osteochondrogenesis. Significance: This is the first report to describe the association of an Alg gene with osteochondrogenesis.
In skeletal development and bone remodeling, osteoblasts play major roles not only in bone formation but also in inducing the differentiation of bone-resorbing osteoclasts (1, 2) . Runx2 is a critical transcription factor in osteoblast differentiation, as evidenced by Runx2 knock-out mice, which exhibit a complete lack of both intramembranous and endochondral ossification due to the absence of osteoblasts (3) . Cleidocranial dysplasia, a human autosomal dominant inherited disorder of bone development, is characterized by hypoplasia of clavicles and abnormalities in cranial and facial bones and is caused by mutations in the Runx2 gene (4, 5) . Some genes, e.g. LDL receptor-related protein 5 (Lrp5), sclerostin (Sost), and human immunodeficiency virus type 1 enhancer-binding protein 3 (Hivep3), have been found to control osteoblast function in the adult human and/or mouse during postnatal skeletal remodeling (6 -10) .
Hivep3, also known as Schnurri-3, Zas3, and Krc, is a member of three mammalian homologs of the Hivep/Schnurri family of large zinc finger proteins. Hivep proteins have been studied for their roles in the regulation of an assortment of genes, including those encoding collagen type IIA, ␣A-crystallin, ␤-interferon, and HIV genes (11) . Hivep2 can indirectly interact with the peroxisome proliferator-activated receptor ␥2 (Pparg2) promoter to promote adipogenesis, through binding to Smad1, an intracellular mediator of bone morphogenetic protein (BMP) 2 signaling. Hivep2 can also dock to CCAAT/enhancer-binding protein ␣ (C/ebp␣) to interact with a CCAAT site on the distal part of the Pparg gene (12) . Mice lacking Hivep3 demonstrate adult-onset osteosclerosis with increased bone volume due to enhanced osteoblast activity (10) . Hivep3 promotes proteasomal degradation of the Runx2 protein through recruitment of the E3 ubiquitin ligase Wwp1 to Runx2 (10) . A D-domain motif within Hivep3 mediates the interaction with and inhibition of ERK mitogen-activated protein kinase (MAPK), thereby inhibiting Wnt/Lrp5 signaling through regulation of the activity of a downstream mediator glycogen synthase kinase 3-␤ (Gsk3␤). This interaction results in the suppression of subsequent osteoblast differentiation (13) . In addition, Hivep3 indirectly promotes osteoclastogenesis by promoting osteoblastic expression of receptor activator of nuclear factor-B ligand (Rankl), a crucial factor for osteoclast differentiation (14) . Hivep3 also cell-autonomously promotes osteoclastogenesis by inducing the expression of Nfatc1, a master transcription factor in osteoclast differentiation, by interacting with Traf6 to enhance its activity while forming a complex with c-Jun to activate the Nfatc1 promoter (15) . Thus, Hivep3 controls both bone formation and resorption at multiple steps to maintain normal bone mass. However, whether Hivep3 controls gene expression in osteoblasts to regulate osteoblast activity is unclear.
In contrast to Hivep3 knock-out mice, mice lacking Hivep2 exhibited decreased cortical bone volume and increased cancellous bone mass (16) , suggesting different roles for Hivep2 and Hivep3 in the skeleton. Combined ablation of Hivep2 and Hivep3 in mice resulted in synergistically increased trabecular bone volume, demonstrating a redundancy between the two proteins in the regulation of postnatal bone mass (17) . Interestingly, in the double knock-out mice, the growth plate cartilage of the long bones was uncoupled with bone phenotype, with significantly delayed maturation of chondrocytes resulting in chondrodysplasia (17) , suggesting a role for Hivep proteins in the promotion of chondrocyte differentiation. However, the mechanism by which Hivep proteins affect chondrogenesis remains unknown. In addition, to date, no information has been reported on the possible role of Hivep1 in osteogenesis and/or chondrogenesis.
In this study, in vitro analysis showed that, among the three Hivep proteins, only Hivep3 was inhibitory and that the others promoted osteoblast differentiation. In contrast, all three Hivep genes seemed to support chondrocyte differentiation in BMP-2-induced ATDC5 cells, suggesting their redundancy in chondrogenesis. We found that asparagine-linked glycosylation 2 (Alg2) is commonly down-regulated in BMP-2-induced osteoblast differentiation in both MC3T3-E1 and ST-2 cells. Alg2 inhibited Runx2 activity without altering its protein level, resulting in suppression of osteoblast differentiation. Interestingly, in chondrogenesis of ATDC5 cells, Hivep3 induced the expression of cAMP-responsive element binding-protein 3-like 2 (Creb3l2), an endoplasmic reticulum (ER) stress transducer crucial for chondrogenesis (18) , suggesting a possible role for Hivep3 in physiological mild ER stress. Alg2 was also decreased by Hivep3 knockdown in ATDC5 chondrocytes, whereas silencing of Alg2 suppressed the expression of Creb3l2 and chondrogenesis. To our knowledge, this study is the first to show a linkage between an asparagine-linked glycosylation mannosyltransferase gene and osteochondrogenesis.
EXPERIMENTAL PROCEDURES
Cell Culture and Differentiation-The mouse calvarial bonederived osteoblast cell line, MC3T3-E1 (clone 4), and the mouse chondrogenic fibroblast cell line, C3H10T1/2, were obtained from the ATCC. The mouse bone marrow stromal cell line ST-2 and the mouse chondrogenic cell line ATDC5 were obtained from the RIKEN BioResource Center. MC3T3-E1 cells were cultured in minimum essential medium ␣ (Invitrogen) containing 10% fetal bovine serum (FBS). ST-2 cells were cultured in RPMI 1640 medium (Sigma) containing 10% FBS. ATDC5 cells were cultured in Dulbecco's modified Eagle's medium (DMEM)/Ham's F-12 (1:1) (Invitrogen) containing 5% FBS. C3H10T1/2 cells were cultured in basal medium Eagle's (Sigma) with 2 mM L-glutamine and 10% FBS. COS-7 cells were purchased from RIKEN BioResource Center and maintained in DMEM supplemented with 10% FBS. All cell culture medium contained 100 units/ml penicillin G and 100 g/ml streptomycin. Cell differentiation was induced by the addition of recombinant human BMP-2 (PeproTech) at a concentration of 300 ng/ml. Micromass culture of ATDC5 cells was performed as described previously (19) to accelerate the maturation of chondrocyte differentiation.
Alkaline Phosphatase (ALP) and Alcian Blue Staining-The activity of ALP secreted into the extracellular matrix (ECM) of cultured cells was visualized with an ALP staining kit (85L-3R, Sigma). Cartilaginous glycosaminoglycans produced in the ECM by cultured cells were stained with Alcian blue 8GX (Sigma).
RNA Interference-Dharmacon siRNA ON-TARGETplus SMARTpool, a mixture of four independent siRNAs against mouse Hivep1, Hivep2, Hivep3, and Alg2, and the control reagent were purchased from Thermo Scientific. siRNAs were transfected into cells using Lipofectamine RNAiMax (Invitrogen).
Real Time Quantitative PCR-Cells were lysed with TRIzol reagent (Invitrogen) to purify RNA, and 1 g of total RNA was subjected to reverse transcription with the Verso cDNA kit (Thermo Scientific). The relative amounts of the gene transcripts were determined by real time quantitative PCR using SYBR premix Ex TaqII (Takara) and the Thermal Cycler Dice TP850 system (Takara). PCRs were performed in duplicate per sample, and the measured expression level of each gene was normalized to that of Hprt1. The sequence information for the primers used is listed in supplemental Table 1 . All primer sets are for mouse genes, except for the m/hHivep3 primer set, which can be used to amplify both the mouse and human Hivep3 genes. For evaluation of the tissue distribution of the Hivep genes and Alg2 in vivo, tissues were harvested from 3-month-old mice, and mRNA was purified with TRIzol reagent before subjecting samples to qRT-PCR.
Microarray Analysis-Cells transfected with siRNA overnight were further incubated with BMP-2 for 2 days before being lysed with TRIzol reagent for mRNA purification. mRNA samples were cleaned up using the RNeasy MinElute Cleanup kit (Qiagen) and analyzed on a Mouse Gene 2.0 ST Array (Affymetrix) by BioMatrix Research.
Plasmids, Adenovirus, and Lentivirus-The mouse Hivep3 expression plasmid, pEF-Shn3, was a kind gift from Dr. Laurie Glimcher (Harvard Medical School). The human HIVEP3 expression plasmid pFN21A-HIVEP3 was obtained from Kazusa DNA Research Institute. The mouse type II Runx2 expression plasmid was a kind gift from Dr. Toshihisa Komori (Nagasaki University). The FLAG-Runx2-def expression plasmid has been described in our previous study (20) . Mouse Alg2 or Runx2 cDNA was cloned from ST-2 cells by using a RT-PCRbased technique, subcloned into the entry vector, pENTR, and further transferred into the C-terminally V5-tagged expression vector, pEF-DEST51 (Invitrogen). For overexpression assays, cells were transfected with expression vectors using FuGENE 6 (Roche Applied Science) or Lipofectamine 2000 (Invitrogen). Cells transiently expressing the transgenes were selected and enriched by incubation with G418 disulfate (Nacalai Tesque) at a concentration of 250 g/ml for 3-7 days. To generate adenovirus-carrying Alg2 cDNA, the Alg2 gene in the pENTR-Alg2 vector was transferred into the C-terminally V5-tagged adenovirus expression vector pAd/CMV/V5-DEST by LR recombination (Invitrogen) and was further transfected into the adenovirus-producing cell line 293A according to the manufacturer's protocol. The pAd/CMV/V5-GW/lacZ adenovirus expression vector was used to generate a control adenovirus. For generation of lentivirus carrying the Alg2 gene, pENTR-Alg2 and pENTR-5ЈEF1␣P were subjected to LR recombination with pLenti6.4/R4R2/V5-DEST (Invitrogen) to generate a lentiviral vector expressing C-terminally V5-tagged Alg2 from the EF1␣ promoter. The lentiviral expression vector or pLenti6/V5/GW-lacZ control vector was transfected into 293FT cells to generate the lentivirus. Virus infection into ST-2 cells was performed at a multiplicity of infection of 100. Cells infected with the lentivirus were selected by treatment with blasticidin S HCl (Invitrogen) at a concentration of 2.5 g/ml. These experiments were approved by the Kagoshima University safety control committee for gene recombination techniques (number 22053).
Embryonic Bone Organ Culture-Calvarial bone and metatarsal bone (cartilage) rudiments were harvested from C57BL/6J mouse embryos at 17.5 days post-coitum (E17.5) and cultured in minimum essential medium ␣ or DMEM/ Ham's F-12 (1:1), respectively, supplemented with 10% FBS, 100 units/ml penicillin G, and 100 g/ml streptomycin, as described (21) . The bone rudiments were incubated in virus solution overnight for infection of adenovirus or lentivirus. Cultured bones and cartilages were fixed in 96% ethanol and stained with 0.015% Alcian blue 8GX in a mixture solution of 96% ethanol/acetic acid (4:1) for 1 day, followed by a dehydration step in 100% ethanol. Dehydrated bones were immersed briefly in 1% potassium hydroxide (KOH), followed by staining in 0.001% alizarin red S (Sigma) in 1% KOH for 1 day. Images were captured with stereomicroscope M165FC (Leica). The animal experiments were approved by the Institutional Animal Care and Use Committee of Kagoshima University (number MD12137).
Immunoprecipitation and Immunoblotting-For immunoprecipitation assays, COS-7 cells were transfected with Alg2-V5 and/or FLAG-Runx2 plasmids and were lysed in M-PER lysis buffer (Thermo Scientific) supplemented with aprotinin and phenylmethylsulfonyl fluoride (PMSF). The lysate was immunoprecipitated with anti-FLAG M2-agarose affinity gel (A2220, Sigma), and the M2 antibody-bound protein complex was eluted by incubation with 3ϫFLAG peptide (F4799, Sigma), according to the manufacturer's protocol. For immunoblotting assays, cells were lysed in either M-PER or NE-PER lysis buffer (Thermo Scientific) supplemented with aprotinin and PMSF or directly with 1ϫ SDS sample buffer. SDS-PAGE, membrane transfer, and chemiluminescence were performed using a standard protocol. The blots were incubated with primary antibodies against Alg2 (1:1000; LS-C81338, Lifespan Biosciences), Runx2 (1:200; M-70, sc-10758, Santa Cruz Biotechnology), Runx2 (1:1000; 8G5, MBL), Sp7 (1:1000, ab22552, Abcam), Ibsp (1:1000, LS-C190916, Lifespan Biosciences), type II collagen (1:1000, LS-C175971, Lifespan Biosciences), Creb3l2 (1:1000, ab76856, Abcam), V5 (1:5000; R960-25, Invitrogen), FLAG (1:1000; M2, F1804, Sigma), and tubulin (1:1000; DM1A, T9026, Sigma) and with horseradish peroxidase (HRP)-conjugated anti-rabbit and anti-mouse secondary antibodies (1:10,000) (Cell Signaling). For examination of halflife of Runx2 protein, after overnight transfection with siRNA of Hivep3, ST-2 cells were treated with cycloheximide (Sigma) at 100 g/ml, followed by immunoblotting using anti-Runx2 antibody. Signals were detected using the LAS 4000 mini image analyzer (Fujifilm).
Immunofluorescence-For immunofluorescence assays, cells transfected with Runx2 and/or Alg2-V5 expression plasmids were fixed with 4% paraformaldehyde in PBS for 30 min and treated with 0.2% Triton X-100. CAS block (Zymed Laboratories Inc.) was used for blocking. Cells were incubated with anti-Runx2 (1:100; 8G5, MBL), Alexa Fluor 568 rabbit anti-mouse IgG (1:1000; A11061, Invitrogen), and anti-V5-FITC (1:500; R619-25, Invitrogen) antibodies. Nuclei were stained with Hoechst dye (Invitrogen). Confocal fluorescent imaging was performed and analyzed using a laser scanning microscope system (LSM 700, Zeiss). For confirmation of the efficiency of virus infection in cultured bones, formalin-fixed mouse E17.5 embryo calvariae or metatarsal bones were embedded in paraffin blocks, which were sliced at a 4-m thickness. The antigen was retrieved by Liberate Antibody Binding (L.A.B.) solution (Polysciences). A CAS block was used for blocking. Bone sections were incubated with anti-V5-FITC antibody. Images were captured with microscope AX80 and digital camera DP70 (Olympus).
Luciferase Assay-COS-7 cells or ST-2 cells were seeded in triplicate in 24-well plates and transiently transfected with the 6ϫOSE2 luciferase reporter plasmid (a kind gift from Dr. Toshihisa Komori), the mutant 6ϫOSE2 luciferase reporter plasmid (a kind gift from Dr. Gerard Karsenty, Columbia University Medical Center), the pGL4.75hRlucCMV Renilla vector (Promega), and expression vectors for Runx2, Alg2, or Hivep3. Dual-Luciferase assays were performed as described earlier (20) by using the GloMax 96 microplate luminometer (Promega).
Statistical Analysis-The data in this study have been expressed as mean Ϯ S.D. values of three independent experiments. Statistical comparisons between the different treatments were performed using an unpaired Student's t test in which p Ͻ 0.05 was considered significant, and p Ͻ 0.01 was considered highly significant.
RESULTS

Loss of Hivep1 or Hivep2 Suppresses Osteoblast Differentiation in ST-2 Cells, in Contrast to Hivep3 Silencing, and All Three
Hivep siRNAs Inhibited Chondrogenesis-The precise roles of Hivep1 and Hivep2 in osteoblast differentiation are unclear. In a tissue cDNA panel from a 3-month-old adult mouse, all the Hivep genes showed a relatively specific expression pattern with high expression being observed in the lung, spleen, artic-ular cartilage, and bone ( Fig. 1 , A-C). However, the in vitro results for the osteochondrogenic cell lines ST-2, MC3T3-E1, ATDC5, and C3H10T1/2 showed that the expression profiles were completely different between the Hivep genes, with Hivep1 being expressed ubiquitously, Hivep2 abundant in ST-2 and ATDC5, and Hivep3 prominent in MC3T3-E1 osteoblasts ( Fig. 1D ). If the Hivep genes cooperate in osteoblast differentiation, they should regulate some common sets of genes. To test this hypothesis, ST-2 cells transfected with siRNA for Hivep1, Hivep2, or Hivep3 were analyzed by a microarray assay (supplemental Tables 2-4, respectively), and the results were com-FIGURE 1. All three Hivep genes are expressed in bone and cartilage to support osteochondrogenesis except Hivep3, which is inhibitory for osteoblast differentiation. A-C, tissue cDNA panel of a 3-month-old mouse was subjected to quantitative RT-PCR (qRT-PCR) for Hivep1 (A), Hivep2 (B), or Hivep3 (C). D, expression level of Hivep1, Hivep2, or Hivep3 in the indicated cell lines was examined by qRT-PCR. E, ST-2 cells were transfected with siRNA for Hivep1, Hivep2, or Hivep3 and treated with BMP-2 (300 ng/ml) for 6 days. Expression of Alpl was analyzed by qRT-PCR, and activity of ALP on ECM was visualized by ALP staining. F, ATDC5 cells were transfected with siRNA for Hivep1, Hivep2, and/or Hivep3 and treated with BMP-2 (300 ng/ml) for 3 days. Expression of Col11a2 was evaluated by qRT-PCR. G, C3H10T1/2 cells were transfected with siRNA for Hivep2 and/or Hivep3 and treated with BMP-2 (300 ng/ml) for 4 days. Expression of Col2a1 was analyzed by qRT-PCR.
pared. The expression of five genes decreased in all three knockdown experiments (Table 1 , A), whereas six genes, four genes, or three genes were down-regulated in common by siHivep1 and siHivep2 (Table 1, B), siHivep1 and siHivep3 (Table 1, C), or siHivep2 and siHivep3 (Table 1 , D), respectively, although no trend was observed in the purified genes. Moreover, none of the purified genes was reported to correlate with differentiation of osteoblasts or chondrocytes. To investigate the roles and possible synergism of the Hivep genes in osteoblast differentiation, the expression of the three Hivep genes was knocked down in ST-2 cells, alone or in combination ( Fig.  1E ). Although combined genetic ablation of the Hivep2 and Hivep3 genes in mice resulted in synergistically increased bone formation and bone volume (17), siRNA-mediated silencing of Hivep2 in BMP-2-stimulated ST-2 cells decreased the expression and activity of ALP (Fig. 1E, compare lanes 2 and 4) , whereas loss of Hivep3 alone enhanced the osteoblast differentiation (Fig. 1E, compare lanes 2 and 5) . Interestingly, combined transfection of siHivep2 with siHivep3 negated the enhancement of ALP production by Hivep3 knockdown (Fig. 1E , compare lanes 2, 5, and 8). Similar to siHivep2, Hivep1 siRNA inhibited ALP activity; however, there was no synergistic or additive effect on combined knockdown of Hivep1 and Hivep2. These results suggest that, in ST-2 bone marrow stromal cells, the cell autonomous actions of Hivep genes are diverse and show no cooperation in osteoblast differentiation and that Hivep1 and Hivep2 promote the counteraction of the suppressive effect of Hivep3. In contrast, in an siRNA-mediated knockdown assay in ATDC5 chondrocytes, siHivep1, siHivep2, and siHivep3 all decreased the BMP-2-induced expression of the chondrocytespecific type XI collagen gene (Col11a2) ( Fig. 1F ). A similar result was observed in another chondrocytic cell line, C3H10T1/2, where knockdown of both Hivep2 and Hivep3 decreased the level of a chondrocyte marker, type II collagen gene (Col2a1) ( Fig. 1G ). In both experiments in chondrogenic cells, the combined loss of the Hivep genes showed some additive effects.
Hivep3 Suppresses Osteoblast Differentiation in Vitro-Although the mRNA level of Runx2 was comparable between wild-type and Hivep3 knock-out cells, the protein levels of Runx2, as well as the mRNA levels of the early osteoblast differentiation markers osterix (Sp7), alkaline phosphatase (Alpl), activating transcription factor 4 (Atf4), and bone sialoprotein (Ibsp) and of the late maturation marker osteocalcin (Bglap2) increased in knock-out osteoblasts (10) . We first checked if this effect could be reproduced via siRNA-mediated knockdown in osteoblastic cell lines. We used the mouse bone marrow stromal cell line ST-2 as a model for premature osteoblast progenitors and MC3T3-E1 mouse calvaria-derived osteoblasts as mature osteoblasts. In both MC3T3-E1 and ST-2 cells, ϳ50% knockdown was achieved by transfection of siHivep3 (Fig. 2 , A and C). As expected, Hivep3 silencing did not have any effect on the mRNA expression of Runx2 (Fig. 2, A and C) . In ST-2 cells treated with cycloheximide to block de novo synthesis of Runx2 
Genes down-regulated by loss of the Hivep family genes
ST-2 cells were transfected with siRNA for Hivep1, Hivep2, or Hivep3 and treated with BMP-2 (300 ng/ml) for 2 days. mRNA samples were subjected to microarray analysis. A, expression of five genes was commonly decreased by all the siRNAs for the three Hivep genes. B, expression of six genes was commonly down-regulated by the Hivep1 and Hivep2 siRNAs. C, expression of four genes was commonly down-regulated by the Hivep1 and Hivep3 siRNAs. D, expression of three genes was commonly down-regulated by the Hivep2 and Hivep3 siRNAs. protein, the protein level of Runx2 decreased in a time-dependent manner ( Fig. 2B ), although the protein expression was maintained in siHivep3-transfected cells. Moreover, combined induction of BMP-2 and siHivep3 in ST-2 cells increased Runx2 protein in a time-dependent fashion ( Fig. 2B ). Therefore, siRNA-mediated silencing of Hivep3 stabilized Runx2 protein.
As a result, expression of Sp7, Ibsp, and Bglap2 was up-regulated in MC3T3-E1 and ST-2 cells (Fig. 2, A and C) . In addition, the expression of an osteocyte marker, dentin matrix protein 1 (Dmp1), was elevated by Hivep3 knockdown in MC3T3-E1 osteoblasts ( Fig. 2A) . The siHivep3-mediated increase of osteoblastic differentiation in ST-2 cells was confirmed by immunoblotting against Sp7 and Ibsp ( Fig. 2D ) or ALP staining ( Fig. 2E ). We introduced the human HIVEP3 gene in ST-2 cells through transfection and confirmed the transgene expression by qRT-PCR ( Fig. 2F ). HIVEP3 suppressed BMP-2-induced osteoblast differentiation (Fig. 2 , F and G) and protein expression of Runx2 (Fig. 2G) . Interestingly, the mRNA expression of Runx2 decreased following transfection with HIVEP3. As HIVEP3 destabilizes Runx2 protein, this result is likely due to loss of auto-induction of Runx2 (22), in which endogenous Runx2 mRNA expression increased in Runx2 transgenic mice (23) . In both cases of knockdown and overexpression of Hivep3, expression of Atf4 did not change (Fig. 2 , C and F), although it increased in Hivep3 knock-out osteoblasts (10) . Reduced Alg2 Gene Expression Following Knockdown of Hivep3-We next screened for genes whose expression was commonly reduced in both ST-2 cells and MC3T3-E1 cells upon Hivep3 silencing by microarray analysis. The genes with decreased expression in MC3T3-E1 or ST-2 cells by Ͼ1.5-fold are listed in supplemental Table 5 (38 genes) or supplemental  Table 4 (74 genes), respectively. Among these genes, only five were commonly down-regulated by siHivep3 in the two cell lines (Fig. 3A) . For more stringent screening, we further increased the cutoff threshold to a Ͼ1.8-fold decrease, which left two genes each in the two cell lines, Lypla2 and Alg2 in MC3T3-E1 cells and Alg2 and Igfbp5 in ST-2 cells (Fig. 3A) . Therefore, Alg2 most commonly showed a decrease in expression due to Hivep3 knockdown in both MC3T3-E1 and ST-2 cells. Asparagine-linked glycosylation (ALG) is one of the most common protein modification reactions in eukaryotic cells, as many proteins that are translocated across or integrated into the rough ER carry N-linked oligosaccharides (24) . Alg2 is an ␣-1,3-mannosyltransferase forming a type I transmembrane protein on the ER, with its active site being cytosolically oriented (25) . To date, no information has been reported to link Alg2 to cell differentiation. We confirmed the microarray results by qRT-PCR ( Fig. 3B ) or immunoblotting ( Fig. 3C ) and verified that knockdown of Hivep3 in ST-2 cells decreased the level of Alg2 by over 50%. However, forced expression of HIVEP3 did not increase Alg2 expression ( Fig. 3D ). We next examined the tissue distribution of Alg2 in 3-month-old mice by quantitative PCR analysis of a tissue cDNA panel (Fig. 3E ). In tissues with low expression of Hivep3 (Fig. 1C) , i.e. the heart or skin, Alg2 also showed a minimum level of expression, although both genes were highly expressed in the brain and lungs, suggesting a linkage between the levels of the two genes. However, there were some exceptions, e.g. Hivep3 was expressed at high levels in fat, cartilage, and bone, whereas Alg2 was detected at a moderate level in these tissues. From the osteoblastic and/or chondrocytic cell lines, MC3T3-E1 showed a significantly high level of Hivep3 expression ( Fig. 1D) , whereas Alg2 was detected in a relatively ubiquitous pattern (Fig. 3F) . These results suggest that Hivep3 is essential but not sufficient for the expression of Alg2. 
Loss of Alg2 Promotes Osteoblast Differentiation in ST-2 Cells without Affecting the Protein Level of Runx2-To investigate the possible role of Alg2 in osteoblast differentiation, siRNA for
Alg2 was transfected into ST-2 cells to obtain an ϳ80% decrease in mRNA expression ( Fig. 4A ) and in protein level (Fig. 4B ). Although silencing of Hivep3 increased the level of Runx2 protein, siAlg2 had no effect (Fig. 4C ). As expected, loss of Alg2 also did not change the RNA level of Runx2 (Fig. 4D ). However, Alg2 knockdown mildly enhanced Sp7 expression ( Fig. 4 , E and I), although it dramatically increased the expression ( Fig. 4F ) and activity (Fig. 4G ) of ALP. A similar effect was seen on the level of Ibsp mRNA (Fig. 4H ) and protein ( Fig. 4I ), suggesting a suppressive role of Alg2 in osteoblast maturation.
Forced Expression of Alg2 Inhibits Osteoblast Differentiation and Bone Formation-We investigated the effect of overexpression of Alg2 in osteoblasts by infection of adenovirus or lentivirus carrying an Alg2 expression cassette. In ST-2 cells, forced expression of Alg2 showed no effect on Runx2 protein level (Fig. 5A) , whereas it strongly suppressed the expression of Sp7, Alpl, and Ibsp (Fig. 5B) . The lentivirus-mediated expression of the Alg2 transgene product was confirmed at the protein and mRNA level (Fig. 5, C and D) . Combined induction of Hivep3 siRNA with the Alg2 lentivirus completely negated the enhanced expression of Ibsp by siHivep3, suggesting that Alg2 is a downstream mediator of Hivep3 for blocking osteoblast differentiation (Fig. 5E ). To assess the role of Alg2 in osteoblastic bone formation, we employed the ex vivo culture system of calvarial bone harvested from E17.5 mouse embryo. The infection efficiency of lentivirus in bone culture was evaluated by immunofluorescence, and the V5-tagged transgene product was detected by anti-V5 antibody (Fig. 5F ). The rate of osteoblastic intramembranous bone formation can be examined by measuring the width of the fontanelle (20) . Application of BMP-2 promoted the bone formation, and it significantly decreased the fontanelle width, whereas combined induction of Alg2-expressing lentivirus cancelled the narrowing (Fig. 5G) , indicating that Alg2 inhibited BMP-induced osteoblastic bone formation.
Alg2 Knockdown Does Not Affect ER Stress nor BMP Signaling in ST-2 Cells-A defect in ALG may affect the quality control of protein folding in the ER, which might subsequently evoke ER stress (26, 27) . In addition, because physiologically mild ER stress is required for proper osteoblast differentiation and maturation (28, 29) , we investigated the effect of Alg2 siRNA on ER stress-related genes by qRT-PCR (Fig. 6A ). Atf4, a downstream target of PKR-like endoplasmic reticulum kinase of ER stress transducer, is crucial for the expression of Bglap2 and synthesis of type I collagen during osteoblast maturation (28, 30) . Alg2 silencing showed no remarkable effect on the Atf4 mRNA level (Fig. 6A ). An ER stress transducer called cAMP-responsive element-binding protein 3-like 1 (Creb3l1), alternatively known as Oasis, is also crucial in osteoblast differentiation (29) . However, the level of Creb3l1 was unchanged by Alg2 silencing (Fig. 6A) . DNA damage-inducible transcript 3 (Ddit3), a target gene of 
Hivep3-dependent Alg2 Expression Inhibits Osteogenesis
Atf4 also known as CCAAT/enhancer-binding protein homologous protein (Chop), was indeed mildly up-regulated by siAlg2, but only in BMP-2-treated cells (Fig. 6A) . The expression of a target of the Atf6 pathway, heat shock protein 5 (Hspa5), also known as Bip, was not altered by loss of Alg2 (Fig.  6A) . These data suggest that ER stress is not substantially accelerated by loss of Alg2. To identify other mechanisms by which siAlg2 promotes osteoblast differentiation, we next evaluated if BMP signaling was increased by Alg2 knockdown, by assessing the expression of the representative direct target genes of the BMP-Smad pathway, Id1 and Smad6 (31, 32) . We found no change in the level of Id1 or Smad6 upon Alg2 silencing (Fig.  6B ).
Alg2 Interferes with the Transcriptional Activity and Nuclear Localization of Runx2-To test whether Alg2 interferes with
Runx2 activity, we analyzed a Runx2-binding 6ϫOSE2 luciferase reporter. We found that Alg2 dose-dependently suppressed the Runx2-induced elevation of luciferase activity in COS-7 cells, whereas it showed no effect on the activity of 6ϫOSE2 reporter with Runx2-binding site mutation, suggesting that the inhibitory effect was Runx2-dependent ( Fig. 6C) . A similar result was obtained in ST-2 cells where Alg2 reduced Runx2 activity with an efficiency comparable with that of Hivep3 (Fig.  6D) . To investigate the mechanism by which Alg2 suppresses Runx2 activity, we examined the impact of siAlg2 on the expression of an inhibitor and an activator of Runx2. Hairy/ enhancer-of-split related with YRPW motif 1 (Hey1) is a transcriptional repressor that binds to Runx2 and suppresses its transcriptional activity (33) . Contrary to our hypothesis, the expression of Hey1 was not decreased by Alg2 knockdown; rather, it increased in a statistically significant manner (Fig. 6E) . The expression of hairy and enhancer of split 1 (Hes1), which forms a complex with Runx2 to promote Runx2-dependent transcription (34, 35) , was found to be unchanged by Alg2 siRNA (Fig. 6E) . We next investigated the possibility of whether Alg2 forms a complex with Runx2 to interfere with its localization, because targeting of Runx2 to subnuclear foci, the nuclear matrix, is crucial for the bone-specific transcription of Runx2 The infectants were transfected with the indicated siRNAs and stimulated with BMP-2 (300 ng/ml) for 4 days before analysis by immunoblotting with anti-Alg2 or anti-V5 antibodies (C). Expression of Alg2 (D) or Ibsp (E) was evaluated by qRT-PCR. F and G, calvarial bones of E17.5 mouse embryos were infected with the indicated lentivirus for 16 h. Immunostaining using FITC-linked anti-V5 antibody on bone coronal sections was performed at day 2 of culture (F). Scale bar, 100 m. LV-infected bones were treated with 300 ng/ml of BMP-2 for 3 days. Alcian blue/alizarin red staining was performed. The width of fontanelle (between asterisks) was measured (G). Scale bar, 2 mm. *, p Ͻ 0.05; **, p Ͻ 0.01. (36) . In a co-transfection experiment using COS-7 cells, Alg2 was immunoprecipitated with Runx2 ( Fig. 6F) . By an immunofluorescence assay in ST-2 cells, we found that Alg2 protein overexpressed alone was localized to the ER (Fig. 6G, panel d) ,
whereas Runx2 overexpressed alone was stained in the nuclei (Fig. 6G, panel b) . However, in cells with combined transfection of Alg2 and Runx2, in the portion of cells in which abundant expression of Alg2 was observed, Runx2 was excluded from FIGURE 6. Alg2 suppresses the transcriptional activity of Runx2. A and B, ST-2 cells were transfected with siRNA for Alg2 and treated with or without BMP-2 (300 ng/ml) for 3 days. Expression of indicated genes was analyzed by qRT-PCR. C and D, a luciferase reporter, 6ϫOSE2 luc or a Runx2-binding sequence mutant 6ϫOSE2 luc, and a Runx2 expression vector were transfected with or without Alg2 or Hivep3 expression plasmid into COS-7 cells (C) or ST-2 cells (D) and examined by a luciferase assay. Protein expression from the transgenes was confirmed by anti-V5 immunoblotting (C). E, ST-2 cells were transfected with siRNA for Alg2 and treated with or without BMP-2 (300 ng/ml) for 3 days. Expression of Hey1 and Hes1 was analyzed by qRT-PCR. F, COS-7 cells were transfected with a V5-tagged Alg2 expression plasmid with or without a FLAG-tagged Runx2 vector. The cell lysate was subjected to immunoprecipitation (IP) with an anti-FLAG antibody and subsequent immunoblotting with an anti-V5 or anti-FLAG antibody. G, ST-2 cells were transfected with a V5-tagged Alg2 plasmid and/or a Runx2 expression vector. Immunofluorescence was examined with anti-Runx2 or anti-V5 antibodies. Nuclei were stained with Hoechst dye. Scale bar, 50 m. *, p Ͻ 0.05; **, p Ͻ 0.01.
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nucleus and co-localized with Alg2 in the cytoplasm (arrows), whereas cells with a lower level of Alg2 had a nuclear pattern of Runx2 staining (arrowheads) (Fig. 6G, panels c, f, and l) . These data suggest that the interaction of Runx2 with Alg2 interfered with proper subnuclear localization of Runx2, thereby decreasing its transcriptional activity. Hivep3 Promotes the Expression of Creb3l2 and Differentiation of Chondrocytes-Next we investigated the mechanism by which Hivep3 supports chondrocyte differentiation. Hivep3 silencing in ATDC5 chondrocytes strongly suppressed Col2a1 in mRNA ( Fig. 7A ) and in protein levels (Fig. 7B) . Conversely, HIVEP3 overexpression significantly enhanced expression of Col2a1 (Fig. 7C) . At day 21 of micromass culture, BMP-2treated ATDC5 cells produced an abundant cartilage matrix that was stained with Alcian blue and was significantly enlarged by Hivep3 vector transfection (Fig. 7D ). Chondrocytes secrete cartilage ECM proteins such as type II or XI collagens during differentiation, which evokes mild ER stress and induces an ER stress sensor, BBF2 human homolog on chromosome 7 (Bbf2h7), also known as Creb3l2. Creb3l2 plays a crucial supportive role in chondrocyte differentiation by directly inducing the expression of Sec23a, encoding a coat protein complex II component cargo protein responsible for the transport of secretory ECM proteins from the ER to the Golgi (18) . Atf4 expression was increased by loss of Hivep3, but only in the absence of BMP-2 ( Fig. 7E ), although gain of HIVEP3 enhanced the level in the presence of BMP-2 (Fig. 7F) . Ddit3 showed similar expression patterns as Atf4, where its basal level was elevated by siHivep3 ( Fig. 7G ), although overexpression of HIVEP3 suppressed basal expression but promoted expression in the presence of BMP-2 (Fig. 7H) . These data indicate that the ER stress pathway of PERK-Atf4-Chop may be associated with the enhancement of BMP-2-induced differentiation by forced expression of HIVEP3. Expression of Hspa5 was decreased or increased by knockdown or overexpression of Hivep3, respectively ( Fig. 7, I and J) . The expression of a spliced form of Xbp1 was examined to monitor the inositol-requiring 1 (IRE1) pathway of ER stress and found to be suppressed or enhanced by silencing or addition of Hivep3, respectively (Fig. 7, K and L) . These data suggest that Hivep3 evoked mild ER stress through the Atf6-Bip and Ire1-Xbp1 pathways. We found that Creb3l2 expression was decreased or increased by loss or gain of Hivep3, respectively (Fig. 7, M and N) . Importantly, the siHivep3-mediated reduction in Creb3l2 expression was reflected in that of Sec23a (Fig. 7O ), which may be responsible for the inhibition of differentiation.
Alg2 Is Decreased by Hivep3 Silencing in ATDC5 Chondrocytes, although Loss of Alg2 Suppresses the Expression of Creb3l2 and Chondrocyte Differentiation-We investigated whether
Alg2 is a mediator of Hivep3 also in chondrocytes to affect differentiation. Indeed, knockdown of Hivep3 strongly suppressed the expression of Alg2 in ATDC5 chondrocytes (Fig.  8A) . Moreover, Alg2 siRNA inhibited the BMP-2-induced expression of type II collagen in mRNA ( Fig. 8B ) and in protein level (Fig. 8C ). We checked whether the loss of Alg2 evoked ER stress and that the basal expression of Atf4 (Fig. 8D) and Hspa5 (Fig. 8F) decreased, whereas Ddit3 expression increased in the presence of BMP-2 (Fig. 8E) , following siAlg2 transfection.
Importantly, Creb3l2 was down-regulated by Alg2 silencing (Fig. 8G) , and silencing of Alg2 or Hivep3 both diminished the band of Creb3l2 in immunoblotting (Fig. 8H ). Finally, we infected Alg2-expressing adenovirus in cultured mouse metatarsal cartilage, because this ex vivo organ culture is an excellent system to evaluate the rate of chondrocyte maturation (37) . Indeed, application of BMP-2 into this cartilage culture promoted the calcification of cartilage matrix by mature hypertrophic chondrocytes (Fig. 8J, 1st and 3rd lanes) . The infection efficiency of adenovirus was evaluated by immunofluorescence, and the V5-tagged transgene product was detected by anti-V5 antibody in the cartilage sample (Fig. 8I) . Importantly, Alg2expressing adenovirus mildly but significantly increased the zone of mature chondrocytes regardless of BMP-2 treatment (Fig. 8J) , indicating that Alg2 promotes cartilage maturation. Taken together, these data suggest that Alg2, induced by Hivep3, is necessary for the induction of Creb3l2 to promote chondrogenesis.
DISCUSSION
Drosophila Schnurri was one of the first partners identified for BMP-specific Smads (38, 39) for positive or negative regulation of BMP signaling. The structure of three Schnurri homologs in vertebrates, Hivep1, Hivep2, and Hivep3, is also similar to that of the fly Schnurri and shares additional features, including an unusually large size (ϳ2500 amino acids) and acidic domains. We initially hypothesized that Hivep3 may inhibit BMP signaling to suppress osteoblast differentiation; however, the expression of the direct target genes of the BMP-Smad pathway, Id1 or Smad6, was not altered by Hivep3 knockdown in osteoblasts (data not shown). In this study, we found that the Alg2 gene was commonly down-regulated in both ST-2 and MC3T3-E1 osteoblasts by Hivep3 knockdown. Alg2 inhibited the activity of Runx2 without affecting its protein expression unlike Hivep3. Therefore, the Hivep3-Alg2 pathway efficiently blocks Runx2-mediated transcription and subsequent osteoblast differentiation by two approaches, regulation of protein degradation and intracellular localization. In ATDC5 chondrocytes, Alg2 expression was also controlled by Hivep3 to support chondrocyte differentiation (Col2a1 expression), but its possible actions against Runx2 in chondrocytes remain elusive. Because Runx2 is directly crucial for transcription of the chondrocyte maturation marker gene type X collagen (Col10a1) in promoting chondrocyte hypertrophy (40), loss of Hivep3 or Alg2 may increase expression of Col10a1 if they target Runx2 in chondrocytes. However, because expression of Col10a1 arises sequentially after expression of early markers such as Col2a1 or Col11a2, which had diminished expression in response to transfection with siRNA for Hivep3 or Alg2, we could not clearly evaluate their effect on Col10a1 expression (data not shown). Indeed, in Hivep2/Hivep3 double knock-out mice, hypertrophic chondrocytes as well as expression of Col10a1 have been found to decrease in the growth plates of long bones (17) . Our data and those of other researchers suggest that Runx2 is not the target of Hivep3 in chondrocytes. 
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Mutations in the ALG2 gene cause the rarest form of congenital disorders of glycosylation (CDG) in humans, CDG type-Ii (CDG-Ii) (25) . A single patient of CDG-Ii has been identified, who was only mildly affected with developmental delay, seizures, poor vision, coagulopathy, and delayed myelinization (25) , with no remarkable bone phenotype. However, because the reported patient was 3 years old, and Hivep3 knock-out mice have been reported to show adult-onset osteosclerosis (10), skeletal disorders may develop during the adulthood of the CDG-Ii patient. The glycosyltransferase enzymes of the ALG pathway use nucleotide-or dolichol-activated monosaccharides as donor substrates (41) , which are biosynthesized by the cytosolic enzyme PMM2. CDG-Ia is the largest group of CDG cases with more than 800 patients who have been identified as having mutations in the PMM2 gene (41) . It is noteworthy that CDG-Ia patients show a variety of skeletal phenotypes, including osteopenia, rhizomelia, and ossification delay of bones (42) . Fibrillar collagens, such as type I or type II collagens, are found predominantly in the ECM of bone or cartilage, respectively, and mature through ALG of the C-terminal pro-collagen, resulting in cleavage of the N-and C-terminal pro-peptide domains. Therefore, dysregulation of ALG may affect the maturation and function of collagens in the skeleton. Conversely, during the differentiation of osteoblasts and chondrocytes, nascent ECM protein is delivered in amounts that exceed the capacity of the ER, whose machinery processes the post-translational modifications and folding of proteins; ALG proteins play important roles for these steps. Such events of "overload" trigger mild ER stress (physiological ER stress) (43) . In ST-2 cells, loss of Hivep3 did not influence mild ER stress during FIGURE 7 . Hivep3 potentiates the physiological mild ER stress to promote chondrocyte differentiation. A, E, G, I, K, M, and O, ATDC5 cells were transfected with siRNA for Hivep3 and treated with BMP-2 (300 ng/ml) for 4 days. The expression of the indicated genes was evaluated by qRT-PCR. B, ATDC5 chondrocytes were transfected with siRNA for Hivep3 with BMP-2 treatment (300 ng/ml) for 7 days. Cell lysates were analyzed by immunoblotting with an anti-type II collagen antibody. Tubulin served as a loading control. C, F, H, J, L, and N, ATDC5 cells were transfected with a human HIVEP3 expression vector and further stimulated with BMP-2 (300 ng/ml) for 4 days. The expression of the indicated genes was evaluated by qRT-PCR. D, ATDC5 cells were stably transfected with a pEF-Shn3 (Hivep3) expression vector. Micromass culture of the transfectants was treated with BMP-2 (300 ng/ml) for 21 days and stained with Alcian blue dye. *, p Ͻ 0.05; **, p Ͻ 0.01. FIGURE 8. Hivep3 is essential for Alg2 expression in ATDC5 chondrocytes, althoughAlg2 promotes chondrogenesis. A, ATDC5 cells were transfected with siRNA for Hivep3 and treated with BMP-2 (300 ng/ml) for 4 days. Expression of Alg2 was evaluated by qRT-PCR. B, D, E, F and G, ATDC5 cells were transfected with siRNA for Alg2 and treated with BMP-2 (300 ng/ml) for 4 days. The expression of the indicated genes was analyzed by qRT-PCR. C, ATDC5 chondrocytes were transfected with siRNA for Alg2 with BMP-2 treatment (300 ng/ml) for 7 days. Cell lysates were analyzed by immunoblotting with an anti-type II collagen antibody. Tubulin served as a loading control. H, ATDC5 chondrocytes were transfected with siRNA for Alg2 or Hivep3 with BMP-2 treatment (300 ng/ml) for 3 days. Cell lysates were analyzed by immunoblotting with an anti-Creb3l2 antibody. Tubulin served as a loading control. I and J, metatarsal cartilages of E17.5 mouse embryos were infected with indicated adenovirus for 16 h. Immunostaining using FITC-linked anti-V5 antibody on bone coronal sections was performed at day 2 of culture (I). Nuclei were stained with Hoechst dye. Merged images are presented. Scale bar, 100 m. Alcian blue/alizarin red staining was performed at day 3 of BMP-2 treatment (J). The length of calcified zone (matured hypertrophic chondrocytes) was measured. Scale bar, 500 m. *, p Ͻ 0.05; **, p Ͻ 0.01. osteoblast differentiation. In contrast, Hivep3 increased not only the level of Creb3l2, but also of other canonical ER stressrelated genes in ATDC5 chondrocytes, although loss of Alg2 decreased the expression of Creb3l2. These results suggest that the Hivep3-Alg2 pathway is important for physiological ER stress in chondrocytes.
Although Hivep2 and Hivep3 showed cooperative roles in decreasing bone formation and bone volume in vivo (17), Saita et al. (16) reported results similar to ours where gain of Hivep2 expression enhanced osteoblast differentiation, and Hivep2 knock-out osteoblasts failed to support efficient osteoclastogenesis in vitro. In addition, they showed that bone formation, as well as bone resorption, decreased in the bones of Hivep2null mice, resulting in osteopenia due to the low turnover of bone remodeling. Recently, Hivep3 was also found to promote osteoclastogenesis (14, 15) . Taken together, the defects in osteoclastogenesis induced by loss of the Hivep genes seem to be mainly responsible for the additively increased bone volume in Hivep2/Hivep3 double knock-out mice. In contrast, we showed that each of the three Hivep genes was essential for chondrogenesis in vitro, suggesting that the chondrodysplasia observed following combined ablation of Hivep2 and Hivep3 in mice (17) was a result of the loss of the cell autonomous action of the Hivep proteins. Although we found the physiological ER stress and the level of Creb3l2 to be increased by the Hivep3-Alg2 axis, the precise molecular mechanisms are unclear. Moreover, it is still unclear why the three Hivep genes exhibit diverse actions in osteogenesis. Because expression of Alg2 was not altered by loss of Hivep1 or Hivep2, other molecular targets downstream of Hivep1 or Hivep2 should be evaluated. Although Hivep proteins are known to act as transcription factors as well as scaffolds, they may harbor some other unknown properties, as most of the area of the large proteins has not been classified into any known functional domains.
In conclusion, Alg2 is a downstream mediator of Hivep3 in osteoblasts and chondrocytes. In addition to initiation of Runx2 protein degradation, Hivep3 interfered with the function of Runx2 via Alg2-mediated disturbance of localization and activity. In ATDC5 chondrocytes, Hivep3 and Alg2 enhanced mild ER stress to promote differentiation. Thus, our results are the first to link the ALG gene to differentiation of skeletal cells. Future studies on mice with knock-out of ALG genes, as well as detailed clinical research with corresponding CDG patients, may provide more information regarding the roles of ALG proteins in osteogenesis, chondrogenesis, and bone remodeling.
